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Numerous studies were performed to determine the sites of the highest magnesium absorption in the digestive tract of various animal species and the complexity of the digestive epithelium, as the absorption membrane, represented an important model for the investigation of the manner of the magnesium transport. Research studies carried out on rats reported on magnesium absorption in the small intestine (Aldor and Moore 1970; Behar 1974) and in the large intestine (Chutkow 1964; Meneely et. al. 1982; Younes et. al. 1996) .
Although there are many contradictory data in the literature about the main site of magnesium absorption from the digestive tract, the opinion prevails that large intestine in monogastric animals and forestomachs in the ruminants are the main sites of its absorption (Hurley et. al. 1990; Meyer and Zentek 1990; Rahnema and Fontenot 1990; Rahnema et. al. 1994 ). Only few authors indicate the distal part of the digestive tract, i.e. the ileum and colon, as the main site of the magnesium absorption in the swine digestive tracts (Partridge 1978) .
Magnesium absorption has an essential role in the supply of organisms with this important mineral and in the maintenance of its overall balance in the body (Günther 1990) . One of the essential factors influencing magnesium absorption rate is its concentration in the contents of the digestive tract. It is generally considered that, at low concentrations, magnesium is absorbed linearly, while the increase of its concentration in the digestive tract content does not coincide with a linear increase of its transport in the direction of the absorption (Behar 1975; Karbach and Rummel 1990) . The saturation of the magnesium transport at its elevated levels is attributed to a reduced permeability of the absorption membrane (Tidball 1964) , reduced magnesium transport due to the solvent drag (Behar 1975) and transport by facilitated diffusion, the capacity of which becomes saturated with time (Stojeviç and Timet 1983) . The saturation of magnesium transport in the absorption direction in the presence of metabolic inhibitors also indicates the possibility of the existence of its active transport across the mucous membrane of the rumen (Martens 1983; Martens et. al. 1988) , and across the small intestine of the guinea pig (Hayashi and Hoshi 1992) .
The purpose of our study was to investigate magnesium absorption in two different compartments of the distal part of the swine digestive tract as a function of different magnesium concentrations that may affect its absorption rate.
Materials ad Methods
The experiments were carried out in vitro using sacs made of the surviving mucous membrane of the swine caecum and proximal colon. The pigs originated from a farm where common pig rearing technology was used. The animals were fed a commercially available fattening feed mixture. At the time of slaughter, the average liveweight of the pigs ranged between 90 and 110 kg. The caecum and the colon were removed immediately upon exenteration and transferred to the laboratory for further processing. After the opening of the caecum and proximal colon, the digesta were first removed mechanically and then their remnants were carefully removed from the surface of the mucous membrane by repeated rinsing with Tyrode solution. Thereafter, the mucous membrane was carefully peeled off the muscular layer and stretched on special glass funnels (diameter 4 cm). The epithelial side of the mucous membrane was always facing inwards.
Two identical series of experiments were performed; one with the sacs made of the mucous membrane of swine caecum (12 animals per each concentration) and the other with the sacs made of the mucous membrane of the proximal colon (13 animals per each concentration).
The sacs were filled with 25 ml of the test solution of pure magnesium chloride with magnesium content of 0.5, 1.0, 2.5, 5,10 or 20 mmol/L. Prepared in this way, the sacs were immersed into beakers containing 50 ml of Tyrode's solution. Throughout the experiments the sacs were kept in a thermostat at a temperature of 38 °C, with permanent aeration from outside the sac provided by special Vibro noiseless aquarium pumps.
The samples for the determination of magnesium concentrations were taken from the Tyrode solution that was always on the submucosal side of the mucous membrane, immediately before the beginning of the experiment and 30, 60, 120 and 180 minutes later. Magnesium concentration in the samples was determined spectrophotometrically using the Titan yellow Basinski's method (1965) . From the magnesium concentrations determined in the samples taken after each interval, the magnesium concentration that already had existed in the Tyrode solution immediately before the beginning of the experiments was subtracted. The increase of the magnesium concentrations in the samples determined in this way, represented the "net transport" of the magnesium across the mucous membrane in the absorption direction.
The obtained results were statistically evaluated and presented as mean ± S.E.M. values. The significance of the differences was checked using Student's t-test and Fisher's test ( Renner 1970) .
Results
Transport of magnesium in the absorption direction when the mucous membrane of the swine caecum was used as the absorption membrane.
The results of this group of experiments are shown in the Table 1 . As soon as after 30 minutes, a significant increase of the magnesium concentration was determined on the submucosal side (P < 0.001) at all concentrations in the solution used on the epithelial side of the mucous membrane.
With the magnesium concentration of 0.5 mmol/L on the epithelial side of the caecal mucous membrane, concentration on the submucosal side continued to increase significantly in the next interval, i.e. after 60 minutes when it was by approximately 40% (P < 0.05) higher. The obtained values remained at a similar level until the end of the experiments. When the solution with 1.0 mmol/L was used for filling the sacs, the magnesium concentration on the submucosal side increased almost linearly throughout the experiments. At the end of the experiments, the increase of some 40% compared to the first experimental period was statistically significant (P < 0.025). Similarly, with a solution containing 2.5 mmol/L of magnesium, its concentration on the submucosal side of the mucous membrane gradually increased towards the end of the 120-minute interval when this increase amounted to approximately 40%, which was considerably higher than in the first interval (P < 0.05). Similar concentrations were maintained until the end of the experiments.
When the solution with high magnesium concentration (5, 10 or 20 mmol/L) was introduced from the epithelial side of the caecal membrane, already after 30 minutes, its passage in the direction of absorption followed the rise of magnesium concentration in the solution. Such trend could be observed in all other intervals, too, and became increasingly significant with the duration of the experiments. With the solution containing magnesium at 5 mmol/L, its concentrations obtained from the submucosal side, rose gradually towards the end of the experiments. These increases of approximately 50% and 45% after 120 and 180 minutes, respectively, were statistically significant compared to the first interval (P < 0.005).
When the magnesium concentration in the solution was increased to 10 mmol/L, its transport in the direction of absorption increased until the end of the experiments. At all intervals, the obtained values were significantly higher compared to those of the first interval. At the end of the experiments, i.e. after 180 minutes, the values almost doubled and were by approximately 71% higher than in the preceding interval (P < 0.01). At the same time, the values exceeded those obtained from the solution with magnesium content between 0.5 and 5 mmol/L.
With a solution containing magnesium at 20 mmol/L on the epithelial side of the mucous membrane, the absorption rate of magnesium significantly increase during the experiment. After 60 minutes, the magnesium concentrations on the submucosal side of the mucous membrane almost doubled and were increased by about 95% (P < 0.001). This rising trend continued in the subsequent interval, after 120 minutes, when the values doubled again and were by some 120% higher (P < 0.001). At the end of the experiments, the transport of magnesium in the absorption direction slightly slowed down. The transport of magnesium after 30 minutes was higher only when compared to its transport from the solution with the lowest magnesium concentration, i.e. 0.5 mmol/L. From the next interval until the end of the experiment the obtained values exceeded the values determined at all magnesium concentrations in the solution. Transport of magnesium in the absorption direction when the mucous membrane of the swine proximal colon was used as the absorption membrane.
The results of this experimental series are shown in the Table 2 .
Like in the first series of experiments, after 30 minutes from the beginning of an experiment, an increase of magnesium concentration on the submucosal side was observed at all concentrations in the solution, at the level of significance P < 0.001.
When the mucous membrane of the proximal colon was used as the absorption membrane, and the sacs were filled with a solution containing magnesium at low concentrations, i.e. 0.5, 1.0 or 2.5 mmol/L, its transport in the absorption direction did not coincide with the increase of its concentration in the content. So the transport of magnesium in the absorption direction after 30 minutes was the most intensive at its concentration of 1.0 mmol/L, then at the concentration of 2.5 mmol/L and the least intensive transport was observed from the solution containing magnesium at 0.5 mmol/L. Anyway, at the magnesium concentrations of 0.5, 1.0 or 2.5 mmol/L in the solution, a significant increase of the magnesium concentration on the submucosal side of the mucous membrane was noted during the experiments. With the solution containing magnesium at 2.5 mmol/L, only after 120 minutes, the magnesium concentrations determined on the submucosal side of the mucous membrane exceeded the values determined with the solutions containing magnesium at 0.5 and 1.0 mmol/L.
When the solution contained magnesium at the concentrations of 5, 10 and 20 mmol/L, the resistance of the mucous membrane of the proximal colon significantly weakened with the increase of its concentration in the solution throughout the experiment. Although with the magnesium concentration of 5 mmol/L in the contents the transport of magnesium in the 60 th minute of the experiment was increased by 113% (P < 0.05), and after 120 minutes by further 80% (P < 0.005) and remained at these values until the end of the experiments, this transport was higher only when compared to that from the solution with the lowest magnesium concentration in the contents, i.e. 0.5 mmol/L.
The increase of the magnesium concentration in the contents to 10 and 20 mmol/L significantly improved the transport of magnesium in the direction of absorption throughout the experiments. At the magnesium concentration of 10 mmol/L in the content, at the end of the experiments, i.e. after 180 minutes, the values were by 62% higher than those determined in the preceding interval (P < 0.01). In all intervals, the transport of magnesium exceeded Table 2 Increase of the magnesium concentration in mmol/L on the submucosal side of the mucous membrane of the swine proximal colon when, on the epithelial side, there was a magnesium chloride solution containing magnesium at 0.5, 1.0, 2. the values obtained from the test solutions at all above mentioned magnesium concentrations. At its concentration of 20 mmol/L, after 60 minutes, the values increased by about 59% (P < 0.05), after 120 minutes the values almost doubled and were by approximately 188% higher than in the preceding interval (P < 0.001). They remained at the same level at the end of the experiments. At magnesium concentration of 20 mmol/L, its transport in the absorption direction was more intensive than that from the solution containing 10 mmol/L of magnesium in all experimental periods.
Discussion
The results of the experiments show that the mucous membrane of the swine caecum and proximal colon is permeable for the transport of magnesium in the absorption direction, i.e. from the epithelial towards the submucosal side of the mucous membrane. The absorption rate of magnesium depended on the kind of the mucous membrane used and on the concentration of magnesium contained therein.
Considering that in both examined compartments of the swine large intestine, magnesium absorption was determined at its concentration of 0.5 mmol/L in the contents, the results undoubtedly show that in the distal part of the swine digestive tract, magnesium may be transported against a concentration gradient. The obtained results are in agreement with the opinion expressed by Behar (1974) and Karbach and Rummel (1990) . In this respect, Behar (1974) and Karbach (1989) indicate the "solvent drag" as the main mode of the magnesium transport against a concentration gradient. In the present study, the magnesium transport against a concentration gradient may also be correlated to the water transport, meaning that under such condition magnesium was, at least partially, absorbed by the solvent drug.
When the sacs were filled with a solution of magnesium at 1.0 mmol/L, which corresponds to the level of intracellular ionized magnesium, "net transport" of magnesium to the submucosal side of the mucous membrane probably occurred by a simple diffusion, mainly due to the electrochemical potential and less to the concentration gradient. Under such conditions, Beyenbach (1990) also attributes the magnesium influx into the cells to the diffusion of magnesium through the membrane channels, which is, to a greater extent due to the electrochemical potential than to the difference in the magnesium concentration. When magnesium concentration in the solution was increased to 2.5 mmol/L, its absorption through both examined epithelia also occurred by simple diffusion according to concentration gradient and electrochemical potential.
An increased resistance of both examined epithelia to magnesium transport in the direction of absorption from solution containing 5 mmol/L of magnesium may be a consequence of an "anomaly" in the magnesium transport by solvent drug mentioned by Karbach and Rummel (1990) . In their studies, at the same magnesium concentration in the content of rat ileum magnesium secretion surpassed its absorption. The authors attributed this increased magnesium secretion to a possible "anomaly" of the magnesium transport by the solvent drug. The mucous membrane of the distal part of the swine digestive tract (Traynor et al. 1991) as well as of the rat colon and ileum (Karbach 1989; Karbach and Rummel 1990 ) is permeable both in the absorption and secretion directions. Consequently, the mentioned results of this research could be attributed, at least in part, to the "anomaly" of the magnesium transport by the solvent drag, but also to the changes of the electrochemical properties of the membranes themselves.
The most intensive magnesium absorption from swine caecum and proximal colon was achieved from the solution containing 10 and 20 mmol/L of magnesium in the content. In both compartments of the swine large intestine examined in this study the saturation of magnesium absorption process could not be obtained. In our earlier studies, the increase of the magnesium concentration in the contents of swine caecum from 10 to 50 mg/100 mL resulted in a similar rise in the solution from the submucosal side of the epithelium (Stojeviç et al. 1993) . It allows one to suppose that the main magnesium absorption in both examined epithelia is due to the process of passive transport mechanisms, mainly by simple diffusion due to the concentration gradient. Beyenbach (1990) also indicates that active magnesium transport is more a hypothesis than a proven fact.
Better absorption of magnesium from the solution containing low magnesium concentration obtained in the caecum, and its better absorption from the high magnesium concentration in proximal colon pointed to different properties of these two epithelia, resulting in their different absorptive characteristics.
The mucous membrane of the proximal colon is considered to be more permeable to liquids and ions than the caecal mucous membrane, whether due to the difference in the size and number of pores, or due to a more intensive paracellular transport (Sellin and DeSoignie 1984) which probably resulted in a more intensive magnesium absorption in this particular compartment of the swine digestive tract at higher magnesium concentrations in the content.
It can be concluded that the distal part of the swine digestive tract, i.e. the caecum and proximal colon, represent important sites of the magnesium absorption where, according to our results, magnesium was mostly absorbed by passive transport.
Resorpce hofiãíku z rÛzn˘ch oddílÛ tlustého stfieva prasete V pokusu byla sledována resorpce hofiãíku z distální ãásti stfieva prasete jako funkce rÛzn˘ch koncentrací Mg 2+ v obsahu stfievním. Ve studii in vitro byly pouÏité váãky zhotovené z pfieÏívající sliznice caeca a proximálního colonu. Váãky byly naplnûny roztoky MgCl 2 s obsahem Mg 0,5; 1,0; 2,5; 5; 10 a 20 mmol/l. Vzorky byly odebírány na submukózní stranû váãkÛ na poãátku experimentu a poté za 30, 60, 120 a 180 minut. Koncentrace hofiãíku ve vzorcích byla stanovena spektrofotometricky. Signifikantní vzestup koncentrace hofiãíku na submukózní stranû byl zaznamenán jiÏ po 30 minutách pfii v‰ech sledovan˘ch koncentracích a v obou oddílech stfieva (p < 0.001). Z v˘sledkÛ vypl˘vá, Ïe pfii nejniÏ‰í koncentraci v obsahu váãkÛ byla resorpce hofiãíku proti koncentraãnímu spádu moÏná z obou oddílÛ stfieva. Zv˘‰ená koncentrace hofiãíku v obsahu váãku na 10 a 20 mmol/l byla doprovázena signifikatním vzestupem resorpce z obou oddílÛ (p < 0.001).NejniÏ‰í rychlost resorpce hofiãíku bylazaznamenána pfii jeho koncentraci 5 mmol/l v obsahu váãku. Epitel caeca je ménû resistentní a epitel proximálního colonu je váce rezistentní vÛãi vysoké koncentraci hofiãíku v obsahu váãku. Distální ãást trávicí trubice prasete, tj. caecum a proximální colon pfiedstavují v˘znamná místa resorpce hofiãíku, kter˘ byl více resorbován pasivnû.
